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ABSTRACT The use of prefabricated vertical drains with preloading is now common 
practice and is proving to be one of the most effective ground improvement 
techniques known. The factors affecting its performance, such as the smear zone, the 
drain influence zone, and drain unsaturation, are discussed in this paper. In order to 
evaluate these effects a large scale consolidation test was conducted and it was found 
that the proposed Cavity Expansion Theory could be used to predict the characteristics 
of the smear zone based on the soil properties available. Moreover, the procedure for 
converting an equivalent 2-D plane strain multi-drain analysis that considers the 
smear zone and vacuum pressure are also described. The conversion procedure was 
incorporated into finite element codes using a modified Cam-clay theory. Numerical 
analysis was conducted to predict excess pore pressure and lateral and vertical 
displacement. Three case histories are analysed and discussed, including the sites of 
Muar clay (Malaysia), the Second Bangkok International Airport (Thailand), and the 
Sandgate railway line (Australia). The predictions were then compared with the 
available field data, and they include settlement, excess pore pressure, and lateral 
displacement. The findings verified that smear and well resistance can significantly 
affect soil consolidation, which means that these aspects must be simulated 
appropriately to reliably predict consolidation using a selected numerical approach. 
Further findings verified that smear, drain unsaturation, and vacuum distribution can 
significantly influence consolidation so they must be modeled appropriately in any 




Preloading of soft clay with vertical drains is one of the most popular 
methods used to increase the shear strength of soft soil and control its 
post-construction settlement.  Since the permeability of soils is very low, 
consolidation time to the achieved desired settlement or shear strength 
may take too long (Holtz, 1987; Indraratna et al., 1994). Using 
prefabricated vertical drains (PVDs), means that the drainage path is 
shortened from the thickness of the soil layer to the radius of the drain 
influence zone, which accelerates consolidation (Hansbo, 1981). This 
system has been used to improve the properties of foundation soil for 
railway embankments, airports, and highways (Li and Rowe, 2002).  
Over the past three decades the performance of various types of 
vertical drains, including sand drains, sand compaction piles, prefabricated 
vertical drains (geosynthetic) and gravel piles, have been studied. Kjellman 
(1948) introduced prefabricated band shaped drains and cardboard wick 
drains for ground improvement. Typically, prefabricated band drains 
consist of a plastic core with a longitudinal channel surrounded by a filter 
jacket to prevent clogging. Most vertical drains are approximately 100 mm 
wide and 4 mm thick.  
To study consolidation due to PVDs, unit cell analysis with a single 
drain surrounded by a soil cylinder has usually been proposed (e.g. Barron, 
1948; Yoshikuni and Nakanodo, 1974). PVDs under an embankment not 
only accelerate consolidation, they also influence the pattern of subsoil 
deformation. At the centre line of an embankment where lateral 
displacement is negligible, unit cell solutions are sufficient but elsewhere, 
especially towards the embankment toe, any prediction from a single drain 
analysis is not accurate enough because of lateral deformation and heave 
(Indraratna, et al., 1997). 
Figure 1 shows the vertical cross section of an embankment stabilised 
by a vertical drain system, with the instruments required to monitor the 
soil foundation. Before PVDs are installed superficial soil must be removed 
to ease the installation of the horizontal drainage, the site must be graded, 
and a sand platform compacted. The sand blanket drains water from the 










FIGURE 1: Vertical drain system with preloading 
Figure 2 illustrates a typical embankment subjected to vacuum 
preloading (membrane system). Where a PVD system is used with vacuum 
preloading, horizontal drains must be installed after a sand blanket has 
been put in place (Cognon et al., 1994). The horizontal drains are 
connected to a peripheral Bentonite slurry trench, which is then sealed 
with an impermeable membrane and cut-off walls to prevent possible 
vacuum loss at the embankment edges. The vacuum pumps are connected 
to the discharge module extending from the trenches. The vacuum 
generated by the pump increases the hydraulic gradient towards the drain 










FIGURE 2: Vacuum preloading system 
2 VERTICAL DRAIN CHARACTERISTICS 
2.1 Equivalent drain diameter and drain influence zone 
As shown in Fig. 3, PVDs with a rectangular cross section are usually 
installed in a triangular or square pattern. Their shapes are not the same as 
the circular cross section considered in the unit cell theory so a PVD with a 
polygon influence zone must be transformed into a cylindrical drain with a 
circular influence zone (Fig. 4). The approximate equations proposed for 
the equivalent drain diameter are based on various hypotheses, hence the 
different results. The formulations for an equivalent cylindrical drain 
conversion available from previous studies are highlighted below: 
( ) π/2 twdw +=    (Hansbo, 1979)   (1) 
( ) 2/twdw +=   (Atkinson and Eldred, 1981)  (2) 
twdw 7.05.0 +=  (Long and Covo, 1994)   (3) 
where 
wd  = equivalent PVDs diameter and w and t = width  and thickness 
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FIGURE 4: Vertical drain and its dewatered soil zone (a) unit cell with square grid installation and 
(b) unit cell with triangular grid installation 
2.2 Smear zone 
The smear zone is the disturbance that occurs when a vertical drain is 
installed using a replacement technique. Because the surrounding soil is 
compressed during installation there is a substantial reduction in 
permeability around the drain, which retards the rate of consolidation. In 
this section the Elliptical Cavity Expansion Theory was used to estimate 
the extent of the smear zone (Ghandeharioon et al. 2009; Sathananthan et 
al. 2008). This prediction was then compared with laboratory results based 
on permeability and variations in the water content. The detailed 
theoretical developments are explained elsewhere by Cao et al. (2001) and 
Ghandeharioon et al. (2009), so only a brief summary is given below. The 





⎛Μ= ppcη       (4) 
where p’c = the stress representing the reference size of yield locus, p’= 
mean effective stress, M = slope of the critical state line and η = stress 
ratio.  Stress ratio at any point can be determined as follows: 
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ηη   (6) 
In the above expression, a = radius of the cavity, a0 = initial radius of 
the cavity, ν = Poisson’s ratio, κ = slope of the over consolidation line, υ = 
specific volume, OCR = over consolidation ratio and λ is the slope of the 
normal consolidation line).  
Fig. 7 shows the variation of the permeability ratio (kh/kv), obtained 
from large scale laboratory consolidation and predicted plastic shear strain 
along the radius. Here the radius of the smear zone was approximately 2.5 
times the radius of the mandrel, which agreed with the prediction using 
the cavity expansion theory. 
 
FIGURE 5: Variations in the ratio of the horizontal coefficient of permeability to the vertical 
coefficient of permeability and the plastic shear strain in radial direction  (adopted from 
Ghandeharioon et al. 2009), 
2.3 Drain unsaturation 
Due to an air gap from withdrawing the mandrel, and dry PVDs, 
unsaturated soil adjacent to the drain can occur. The apparent delay in 
pore pressure dissipation and consolidation can be observed during the 
initial stage of loading (Indraratna et al., 2004). Figure 6 shows how the 
top of the drain takes longer to become saturated than the bottom. Figure 
6 illustrates the change in degree of saturation with the depth of the drain. 
Even for a drain as short as 1 metre, the time lag for complete drain 
saturation can be significant.  
  
FIGURE 6: Degree of drain saturation with time (after Indraratna et al. 2004) 
3 EQUIVALENT PLANE STRAIN FOR MULTI-DRAIN ANALYSIS  
In order to reduce the calculation time, most available finite element 
analyses on embankments stabilised by PVDs are based on a plane strain 
condition. To obtain a realistic 2-D finite element analysis for vertical 
drains, the equivalence between a plane strain condition and an in-situ 
axisymmetric analysis needs to be established. Indraratna and Redana 
(2000); Indraratna et al. (2005) converted  the unit cell of a vertical drain 
shown in Figure 7 into an equivalent parallel drain well by determining the 
coefficient of permeability of the soil. 
By assuming that the diameter of the zone of influence and the width 
of the unit cell in a plane strain to be the same, Indraratna and Redana 
(2000) presented a relationship between khp and k’hp, as follows: 
( ) ( )( )


























































In Equation (7), if well resistance is neglected, the smear effect can be 
determined by the ratio of the smear zone permeability to the undisturbed 
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w       (8c) 
where  khp and k’hp  are the undisturbed horizontal and the corresponding 
smear zone equivalent permeability, respectively. 
The simplified ratio of plane strain to axisymmetric permeability by 
Hird et al. (1992) is readily obtained when the effect of smear and well 












      (9) 
The well resistance is derived independently and yields an equivalent 
plane strain discharge capacity of drains, which can be determined from 






       (10) 
With vacuum preloading, the equivalent vacuum pressures in plane 
strain and axisymmetric are the same. 
 
 
FIGURE 7: Conversion of an axisymmetric unit cell into plane strain condition (after Indraratna 
and Redana 2000) 
4 APPLICATION TO CASE HISTORIES 
4.1 Muar clay embankment 
One of the test embankments on Muar plain was constructed to 
failure. The failure was due to a “quasi slip circle” type of rotational failure 
at a critical embankment height at 5.5 m, with a tension crack propagating 
through the crust and the fill layer (Fig. 8). Indraratna et al. (1992) 
analysed the performance of the embankment using a finite element Plane 
strain finite element analysis employing two distinct constitutive soil 
models, namely, the Modified Cam-clay theory using the finite element 
program CRISP (Woods, 1992) and the hyperbolic stress-strain behaviour 
using the finite element code ISBILD (Ozawa and Duncan, 1973). Two 
modes of analysis were used, undrained and coupled consolidation. 
Undrained analysis was used when the loading rate was much faster than 
the dissipation rate of excess pore pressure. This will cause excess pore 
pressure to build up during loading but will not alter the volume. While 
excess pore pressure is generated simultaneously with drainage, a positive 
or negative change in volume is allowed for coupled consolidation analysis,  
 
FIGURE 8: Failure mode of embankment and foundation (modified after Brand & Premchitt, 1989) 
The essential soil parameters used for the Modified Cam-clay model 
are summarised in Table 1 and a summary of soil parameters for 
undrained and drained analyses by ISBILD is tabulated in Table 2. Because 
properties of a topmost crust were not available it was assumed that the 
soil properties were similar to the layer immediately below. The properties 
of the embankment surcharge (E = 5100 kPa, ν = 0.3 and γ = 20.5 kN/m3), 
and related shear strength parameters (c’ = 19 kPa and φ’ = 260), were 
obtained from drained tri-axial tests. 
 















0-2.0 0.05 0.13 1.19 3.07 4.4 16.5 1.5 0.8 
2.0-8.5 0.05 0.13 1.19 3.07 1.1 15.5 1.5 0.8 
8.5-18 0.08 0.11 1.07 1.61 22.7 15.5 1.1 0.6 
18-22 0.10 0.10 1.04 1.55 26.6 16.1 1.1 0.6 
 
TABLE 2: SOIL PARAMETERS FOR HYPERBOLIC STRESS STRAIN MODEL ISBILD (SOURCE: INDRARATNA ET 
AL.,1992) 
Depth (m) K  cu 
(kPa) 
Kur  c’ (kPa) φ’ (degree) γ (kN/m3) 
0-2.5 350 15.4 438 8 6.5 16.5 
2.5-8.5 280 13.4 350 22 13.5 15.5 
8.5-18.5 354 19.5 443 16 17.0 15.5 
18.5-22.5 401 25.9 502 14 21.5 16.0 
Note: K and Kur are the modulus number and unloading-reloading 
modulus number used to evaluate the compression and recompression of 
the soil, respectively. 
The finite element discretisation is shown by Fig. 9. The embankment 
was constructed at a rate of 0.4 m/ week.  Instruments such as 
inclinometers, piezometers, and settlement plates were installed at this 








FIGURE 9: Finite element discretisation of embankment and subsoils (modified after Indraratna et 
al., 1992) 
 
FIGURE 10: Cross section of Muar test embankment indicating key instruments (modified after 
Ratnayake, 1991) 
The yielding zones and potential failure surface observed were based 
on the yielded zone boundaries and maximum displacement vectors 
obtained from CRISP. Figures 11 and 12 show the shear band predicted, 
based on the maximum incremental displacement and the boundaries of 
yielded zone approaching the critical state, respectively. The yielded zone 
was near the very bottom of the soft clay layer but it eventually spread to 
the centre line of the embankment, which verified that the actual failure 
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FIGURE 12:  Boundary zones approaching critical state with increasing fill thickness (CRISP) 
(modified after Indraratna et al., 1992) 
4.2 Second Bangkok International Airport 
The Second Bangkok International Airport or Suvarnabhumi Airport is 
about 30km from the city of Bangkok, Thailand. Because the ground water 
was almost at the surface, the soil suffered from a very high moisture 
content, high compressibility and very low shear strength. The 
compression index (Cc/(1+e0))varied between 0.2-0.3. The soft estuarine 
clays in this area often pose problems that require ground improvement 
techniques before any permanent structures can be constructed.  
As reported by AIT (1995), the profile of the subsoil showed a 1 metre 
thick, heavily over-consolidated crust overlying very soft estuarine clay 
which was approximately 10 metres below the bottom of a layer of crust. 
Approximately 10 to 21 metres beneath this crust there was a layer of stiff 
clay.  The ground water level varied from 0.5 to 1.5 metres below the 
surface.  The parameters of these layers of subsoil, based on laboratory 
testing, are given in Table 3. 
 
Table 3 Selected soil parameters in FEM analysis (Indraratna et al. 2005) 
Depth 











0.0-2.0 0.3 0.03 0.30 15.1 30.1 89.8 6.8 3.45 
2.0-8.5 0.7 0.08 0.30 6.4 12.7 38.0 2.9 1.46 
8.5-10.5 0.5 0.05 0.25 3.0 6.0 18.0 1.4 0.69 
10.5-13 0.3 0.03 0.25 1.3 2.6 7.6 0.6 0.30 
13.0-15 1.2 0.10 0.25 0.3 0.6 1.8 0.1 0.07 
 
Two embankments stabilised by vacuum combined with surcharge 
loading (TV2) and surcharge loading alone (TS1) are described in this 
section. The performances of embankments TV2 and TS1 were reported by 
Indraratna and Redana (2000), and Indraratna et al. (2005), respectively. 
The vertical cross section of Embankment TS1 is shown in Fig. 13. TS1 was 
constructed in multi-stages, with 12m long PVDs @ 1.5m in a square 
pattern. The embankment was 4.2 metres high with a 3H:1V side slope. 
Embankment TV2 was stabilised with vacuum combined surcharge and 12 
metre long PVDs. A membrane system was also used on this site.  
 
 
FIGURE 13: Cross section at embankment TS1 (After Indraratna and Redana, 2000) 
Both embankments were analysed using the finite element software 
ABAQUS. The equivalent plane strain model (Eqs. 7-10) and modified 
Cam-clay theory were incorporated into this analysis. The comparisons of 
the degree of consolidation based on settlement from the FEM and field 
measurement at the centre line of the embankment are presented in Fig. 
14. It can be seen that the application of vacuum pressure reduced the 
time from 400 to 120 days to achieve the desired degree of consolidation. 
Figure 15 shows the time dependent excess pore water pressure during 
consolidation. The vacuum loading generated negative excess pore 
pressure in TV2 whereas the surcharge fill in embankment TS1 created a 
positive excess pore pressure. These predicted excess pore pressures agreed 
with the field measurements. The maximum negative excess pore pressure 
was approximately 40 kPa, probably caused by a puncture in the 
membrane and subsequent loss of air. The total applies stresses for both 
embankment were very similar and therefore yielded similar ultimate 
settlements (90cm). The reduction in negative pore pressure at various 
times was caused by the vacuum being lowered. Despite these problems 
the analysis using the proposed conversion procedure, including the smear 
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FIGURE 14: Degree of Consolidation at the centreline for embankments (after Indraratna and 


























FIGURE 15: Excess pore pressure variation at 5.5m depth (after Indraratna and Redana, 2000 and 
Indraratna et al., 2005) 
4.3 Sandgate railway embankment 
Under railway tracks where the load distribution from freight trains is 
typically kept below 7-8 metres from the surface, relatively short PVDs 
may still dissipate cyclic pore pressures and curtail any lateral movement 
of the soft formation. It was expected that any excessive settlement of 
deep estuarine deposits during the initial stage of consolidation may 
compensate for continuous ballast packing. However, the settlement rate 
can still be controlled by optimising the spacing and pattern of drain 
installation. In this section a case history where short PVDs were installed 
beneath a rail track built on soft formation is presented with the finite 
element analysis (Indraratna et al. 2009). The finite element analysis used 
by the Authors to design the track was a typical Class A prediction for a 
field observation because it was made before it was constructed.  
To improve the conditions for rail traffic entering Sandgate, 
Kooragang Island, Australia, where major coal mining sites are located, two 
new railway lines were needed close to the existing track. An in-situ and 
laboratory test was undertaken by GHD Longmac (Chan, 2005) to obtain 
the essential soil parameters. This investigation included boreholes, 
piezocone tests, in-situ vane shear tests, test pits, and laboratory tests that 
included testing the soil index property, standard oedometer testing, and 
vane shear testing. 
The existing embankment fill at this site overlies soft compressible 
soil from 4 to 30 metres deep over a layer of shale bedrock. The properties 
of this soil, with depth, are shown in Figure 16, where the groundwater 
level was at the surface. Short, 8 metre long PVDs were used to dissipate 
excess pore pressure and curtail lateral displacement. There was no 
preloading surcharge embankment provided due to stringent time 
commitments. The short PVDs were only expected to consolidate a 
relatively shallow depth of soil beneath the track where it would be 
affected by the train load. This initial load was considered to be the only 
external surcharge. An equivalent static approach based on the dynamic 
impact factor was used to simulate the field conditions, in this instance a 
static load of 80kPa and an impact factor of 1.3 in conjunction with a 
speed of 40 km/hr and a 25 tonne axle load. The Soft Soil model and Mohr-
Coulomb model incorporated into the finite element code PLAXIS, were 
used in this analysis (Brinkgreve, 2002). Figure 17 illustrates a cross-
section of the rail track formation. 
In the field the 8 metre long PVDs were spaced at 3 metre intervals, 
based on the Authors’ analysis and recommendations. Figure 18 and 19 
show a comparison between the predicted and measured settlement at the 
centre line of the rail track and lateral displacement after 180days, 
respectively. The predicted settlement agreed with the field data for a Class 
A prediction, with the maximum displacement being contained within the 
top layer of clay. The “Class A” prediction of lateral displacement agreed 
with what occurred in the field.  
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FIGURE 16: Soil properties at Sandgate Rail Grade Separation Project (adopted from Indraratna et 
al. 2009) 










FIGURE 17: vertical cross section of rail track foundation (after Indraratna et al. 2009) 


















FIGURE 18: Predicted and measured at the centre line of rail tracks (after Indraratna et al. 2009) 
















FIGURE 19: Measured and predicted lateral displacement profiles near the rail embankment toe at 
180 days (after Indraratna et al. 2009) 
5 CONCLUSION 
Various types of vertical drains have been used to accelerate the rate of 
primary consolidation. A comparison between embankments stabilised 
with a vacuum combined with a surcharge, and a surcharge alone, were 
analysed and discussed. Consolidation time with a vacuum applied was 
substantially reduced and lateral displacement curtailed, and if sufficient 
vacuum pressure is sustained, the thickness of the surcharge fill required 
may be reduced by several metres.  
A plane strain finite element analysis with an appropriate conversion 
procedure is often enough to obtain an accurate prediction for large 
construction sites. An equivalent plane strain solution was used for 
selected case histories to demonstrate its ability to predict realistic 
behaviour. There is no doubt that a system of vacuum consolidation via 
PVDs is a useful and practical approach for accelerating radial 
consolidation because it eliminates the need for a large amount of good 
quality surcharge material, via air leak protection in the field. Accurate 
modelling of vacuum preloading requires both laboratory and field studies 
to quantify the nature of its distribution within a given formation and 
drainage system. 
It was shown from the Sandgate case study that PVDs can decrease 
the buildup of excess pore water pressure during cyclic loading from 
passing trains. Moreover, during rest periods PVDs continue to 
simultaneously dissipate excess pore water pressure and strengthen the 
track. The predictions and field data confirmed that lateral displacement 
can be curtailed which proved that PVDs can minimize the risk of 
undrained failure due to excess pore pressure generated by cyclic train 
loads.  
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